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Abstract 
The present study is focused on the effect of parietal suction and injection on the hydrodynamic and 
thermal behavior of external flow. Injection is produced by imposing inward parietal velocity, which 
corresponds to negative values of stream function. While suction is produced by imposing outward 
parietal velocity which corresponds to positive values of stream function. External flow is assumed two-
dimensional boundary-layer where laminar, transitional and turbulent flow region are considered. 
Turbulence is modeled by algebraic eddy viscosity approach of Cebeci and Smith. Numerical procedure, 
based on an implicit finite difference box method with non-uniform grid is employed for the solution of 
the coupled governing conservation equations of mass, momentum, enthalpy and boundary conditions. It 
can be shown that wall conditions affect significantly the momentum and heat transfer. For laminar flow, 
imposed stream function condition confers the property of flow similarity for both situations of suction 
and injection. In contrast, non-similarity for turbulent flow parameters is observed. The increase of 
injection velocity causes an increase of flow shape factor and decreases the shear coefficient and the 
Nusselt number. Turbulence amplifies parietal shear stress, which delays the flow separation.  
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Nomenclature 
 
Cp specific heat J kg-1 K-1  Greek symbols 
F stream function   K similarity coordinate  
h static enthalpy J kg-1  / eddy viscosity m2 s-1 
H total enthalpy J kg-1  P dynamic viscosity kg m-1 s-1 
k thermal conductivity W m-1 K-1  U   mass density kg m-3 
L plate length M  W shear stress N m-2 
q heat flux density W m-2  \ stream function     kg m-1 s-1 
T Temperature K  Subscripts 
u axial velocity m s-1  e at boundary layer thickness  
X normal velocity m s-1  t turbulent  
x longitudinal coordinate M  w wall  
y   normal coordinate M  ∞ external flow  
       
 
1. Introduction 
Flow with parietal suction or injection is widely used in physical process and industrial systems. For 
injection, thermal protection of walls submitted to higher temperature, as in gas turbines and turbojets, is  
one domain of application. Thierry and Grégoire [1] studied the effect of injection on flow stability. 
Suction is a means to control the boundary layer separation in the aerodynamic applications, as in 
internal flows (diffusers,...) or external flows (plane wings, ...). Separations are, in general, synonymous 
of degradation of aerodynamic performances; many theoretical and experimental works were conducted 
to eliminate or delay the appearance of these separations. Ali Mohamed [2] presented the similarity 
solutions for laminar boundary layer equations over a stretched surface with suction or injection. The 
surface was assumed to move with a power law velocity profile corresponding to a velocity parameter M 
and dimensionless suction or injection controlling parameter D. Shojaefard et al. [3] elaborated a 
computational study to determine the effects of suction and injection for the aerodynamic characteristics 
of a specific airfoil; it is concluded that the suction slots near the trailing edge can significantly increase 
the lift coefficient and the injection decreases the skin friction. Ishak and  Nazar [4] investigated the  
two-dimensional stagnation-point flow of a micropolar fluid over a stretching permeable sheet. The 
stretching velocity and the ambient fluid velocity are assumed to vary linearly with the distance from the 
stagnation point. The transformed boundary layer equations are solved numerically for some values of 
the involved parameters using a finite-difference method. It is observed that suction increases the skin 
friction coefficient whereas injection decreases it.  Bourgeois et al [5] published an experimental study to 
control the boundary layer separations with suction and injection for two geometries, the first one is a flat 
plate and the second is a symmetrical profile ONERA wing. Xenos et al [6] examined numerically the 
effects of suction and injection on the steady compressible boundary-layer flow with adverse pressure 
gradient and heat transfer over a wedge. The fluid is considered to be compressible, viscous and 
newtonian ideal gas (air), subjected to constant suction/injection velocity. Numerical calculations are 
carried out for an adiabatic, cooled or heated wall for different values of the dimensionless pressure-
gradient parameter (m). The obtained results show that the flow field can be controlled by the 
suction/injection velocity. Roy et al [7] presented the influence of non-uniform slot suction/injection on a 
steady incompressible laminar boundary layer in a diverging channel with an exponentially decreasing 
free-stream velocity. It is observed that the separation can be delayed by non-uniform slot suction or by 
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moving the slot downstream, but the effect of non-uniform slot injection is just reverse. Turkyilmazoglu 
[8] developed an analytical expressions for the solution of steady, laminar, incompressible, viscous fluid 
of the boundary layer flow due to a rotating disk in the presence of a uniform suction or injection. 
Saikrishnan et al [9] compared the significance of non-uniform double slot suction/injection of laminar 
boundary layer flows over a cylinder. Theirs results indicate that the separation can be delayed by non-
uniform double slot suction and also by moving the slot downstream. However, the effect of non-
uniform double slot injection is just the opposite.  Ishak et al [10] presented a numerical solution of flow 
and heat transfer outside a stretching permeable cylinder. They investigated the effects of the governing 
parameters, namely the suction/injection parameter, Prandtl number, and Reynolds number on the 
velocity and temperature profiles as well as the skin friction coefficient and the Nusselt number. Afzal 
[11] studied the effects of suction and blowing on tangential movement of a nonlinear power-law 
stretching surface governed by laminar boundary layer flow of a viscous and incompressible fluid 
beneath a non-uniform free with stream pressure gradient.       
The present study is focused on the effect of suction and injection on the momentum and heat transfer 
of a laminar-turbulent external flow over an isothermal flat plate. Numerical results relating to dynamic 
and thermal flow parameters are presented and the effect of suction and injection are discussed.  
2. Physical Model 
A schematic diagram of physical system under consideration is shown in Fig. 1. It consists of an 
isothermal wall, in direct contact with laminar and turbulent external flow. Wall heating, flow suction or 
injection induce momentum and heat transfer. The physical model is two-dimensional. The coordinates 
system Oxy is located on the plate and defined as: Ox axis is in the flow direction, Oy axis is normal to 
the plate and directed towards the interior. The following assumptions are used: (i) flow and heat transfer 
are permanent; (ii) boundary-layer thickness is small compared to the plate length; (iii) the flow is 
laminar and/or turbulent; (iv) volume forces are without effect on the transfer. 
 
 
Fig.1. Schematic diagram of the physical model 
                                                                              c wall with suction or injection 
                                                                              d dynamic laminar/turbulent boundary layer 
                                                                              e thermal boundary layer 
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3. Mathematical Formulation  
3.1. Governing Equations  
The momentum and heat transfer in laminar and turbulent external flow are expressed by two-
dimensional boundary layer conservation equations of  mass, axial-momentum and energy [12,13]. 
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3.2. Boundary Conditions 
x At the wall (y=0) 
                                                  wuu     xwXX    cy
TbaT  ¸¸¹
·
¨¨©
§
w
w O  (4) 
Where the condition of adherence corresponds to a motionless wall, uw=0 or moving wall, uw>0.  The 
flow injection is expressed by Xw>0 (Fw<0) and the flow suction by Xw<0 (Fw>0). The coefficients are 
a=1, b=0, c=Tw for uniform wall temperature; a=0, b=1, c=0 for adiabatic wall and a=0, b=1, c=qw for 
imposed heat flux density. 
x At outside border of  boundary layer (yof) 
                                                                     f uu ,    f TT  (5) 
3.3. Turbulence Model 
The mixing length model is appropriate for boundary layer problems. To model the turbulence in gas 
flow, the mixing length formulation of Cebeci and Smith is used [12]. Gas boundary layer is treated as a 
composite layer consisting of inner and outer regions with a separate eddy-viscosity formula,               
/t=Pt/U, for each region. 
- Inner region  
                                              > @ trit yuAyy Jww / 22, exp116.0    ,  otit ,, /d/  (6) 
 
- Outer region 
 Abdelghani Laouar and El Hacene Mezaache /  Energy Procedia  36 ( 2013 )  1101 – 1110 1105
                                                        intreot dyuu JJ / ³ f0, 0168.0  (7) 
 
Where Jtr accounts for the transitional region, from laminar to turbulent flow; the Klebanoff's factor Jin 
expresses the intermittent behavior of the flow; the damping length parameter A takes account of the wall 
shear stress, axial pressure gradient and mass transfer.   
4. Dimensionless Equations  
4.1. Dimensionless Quantities 
Dimensionless coordinates 
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Dimensionless stream function and total enthalpy  
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Local Reynolds number, Prandtl number and shape factor 
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Shear coefficient and Nusselt number   
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Where the dimensionless quantities, heat flux density, shear stress, static enthalpy and total enthalpy, 
displacement and momentum thicknesses are given by 
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4.2. Governing Equations 
By using the dimensional quantities, the governing equations become: 
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Where the coefficients b1, b2, b3, are given by 
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5. Solution procedure and comparison with previous works  
The numerical solution of the coupled governing conservation equations of mass, momentum, 
enthalpy related to boundary conditions expressing the effect of suction and injection is simply obtained 
by using the numerical procedure and the program carried out to study the heat and mass transfer in 
laminar/turbulent external flow [13]. This numerical procedure is based on an implicit finite-difference 
box method [12,15]. In the present case, transfer equations of gas flow and boundary conditions are 
transformed in an algebraic linear system AGXG=BG. The solving procedure includes the following steps: 
(1) Choice of velocity and temperature distributions at the inlet position. (2) Solving the system 
AGXG=BG. At the next station x*+'x*, steps (1)-(2) are repeated; solution obtained at previous station x* is 
used as initial profiles. 
Fig. 2 shows that in the absence of mass transfer or for impermeable wall, the present model 
reproduces the classical correlations for both laminar and turbulent compressible boundary layer over a 
flat plate. Flow injection affects significantly the gas boundary layer by reducing the wall shear stress 
coefficient. This effect is more important in the turbulent region than in laminar region because 
turbulence improves mixing gas flow and induces higher transfer coefficients. 
Laminar and turbulent wall shear stress correlations are defined as [14]:  
216640 /xl,comp
*
l Ref.
 W       
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xo,t is the origin of the fictional turbulent boundary layer; fcomp,l and fcomp,t are the laminar and turbulent 
compressibility factors. 
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Fig. 2. Comparison of the present model with classical correlations for compressible external flow over a flat plate [14].                          
Classical correlations: Wl*■,  Wt*  . Present model: impermeable wall ----,  wall with flow injection  ___  
6. Results and Discussions  
A study of the influence of parietal injection or suction on the dynamic and thermal quantities of 
laminar and turbulent flow over an isothermal flat plate is presented. Mathematically, suction or injection  
are produced by imposing positive or negative values of the parietal stream function, respectively. The 
conditions of calculation are selected as follows:  flow temperature Tf=20 °C ; flow velocity uf=10 m/s ;   
pressure  pf = 1.013×05 Pa, temperature of isothermal wall Tw=80 °C. For a flat plate, transitional 
Reynolds number is Rex,tr = 3×106.   
The numerical results based on the previously described numerical procedure are represented by the 
following figures. 
Figure 3 illustrates the evolution of dimensionless profiles of the velocity and enthalpy of laminar and 
turbulent flow in function of the similarity coordinate η for various values of the local Reynolds number,  
Rex : 0-107 , where, the value 0 corresponds to the flow inlet and 3×106 to the flow transition. 
 
In the laminar region, Rex: 0-3×106, the distributions of velocity and total enthalpy are independent of 
axial coordinate x and depend only of the similarity coordinate η. Hence, these quantities have the 
property of similarity.  
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Fig. 3. Dimensionless profiles of velocity and enthalpy for different local Reynolds number,                                                     
wall stream function: Fw = 2  
 
 
In the turbulent region, Rex> 3×106, turbulence causes a deformation of velocity and enthalpy profiles 
along the wall. High change of velocity and total enthalpy are observed near the wall at viscous region. 
Outside this region, or for the rest of the flow, the physical quantities are practically uniform. This 
behaviour is in agreement with the properties of turbulence which eliminate the temperature and velocity 
differences within the flow in order to homogenize the dynamic and thermal flow properties. 
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Fig. 4. Variation of the displacement thickness (δ*) and the momentum thickness (θ) in function of the local Reynolds number                          
for different values of the wall stream function (Fw) 
 
Figure 4 presents the variation of the displacement and momentum thicknesses in function of local 
Reynolds number, Rex, for different values of wall stream function. In the turbulent region, these 
quantities have linear increasing along the plate. The injection (Fw<0) causes a weak increase of 
displacement and momentum thicknesses compared to the impermeable wall (Fw=0). For suction                 
(Fw>0), the slope of variations is dependent on the imposed stream function and differs from that of 
impermeable wall. 
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Fig. 5. Variation of the shape factor in function of the local Reynolds number for different values of wall stream function 
 
Figure 5 presents the variation of the shape factor f in function of the local Reynolds number for 
different values of imposed stream function. For injection, the shape factor factor f is very sensitive to the 
wall conditions, particularly at the laminar region. For suction, it is weakly influenced. 
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Fig. 6. Variation of the shear coefficient in function of the local Reynolds number for different values of wall stream function 
 
Figure 6 illustrates the variations of the shear coefficient, in function of local Reynolds number, for 
different values of wall stream function. It is noted a strong increase of shear coefficient at the laminar 
/turbulent flow transition. The effect of suction on the shear coefficient is important and concerns 
simultaneously the laminar and turbulent region. In contrast, the injection has a low effect on this 
parameter.  
 
Figure 7 schematizes the variation of the Nusselt number in function of the local Reynolds number for 
different values of imposed stream function. The transition from laminar to turbulent regime generates an 
important increase in the Nusselt number. In turbulent region, the Nusselt number has a linear increasing 
along the plate. The injection does not affect substantially the Nusselt number. However, for flow 
suction, it induces an important increase of this number. 
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Fig. 7. Variation of the  Nusselt number  in function of the local Reynolds number for different values of wall stream function 
7. Conclusion 
In this work, the effect of parietal suction and injection on momentum and heat transfer of mixed 
laminat-turbulent flow is investigated numerically. Turbulence is modeled by algebraic eddy viscosity 
approach of Cebeci and Smith. Numerical procedure is based on an implicit finite difference box method. 
It can be shown that wall conditions affect significantly the momentum and heat transfer. For laminar 
flow, imposed stream function condition confers the property of flow similarity for both situations of 
suction and injection. In contrast, a strongly non-similarity is observed for turbulent flow parameters.  
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